During activation T cells are thought to change their patterns of gene expression dramatically. To find out whether this is true for T cells activated in animals, the patterns of genes expressed in resting T cells and T cells 8 and 48 hr after activation were examined by using Affymetrix gene arrays. Gene arrays gave accurate comparisons of gene expression in the different cell types because the expression of genes known to vary during activation changed as expected. Of the approximately 6,300 genes assessed by the arrays, about one-third were expressed to appreciable extents in any of the T cells tested. Thus, resting T cells express a surprisingly large diversity of genes. The patterns of gene expression changed considerably within 8 hr of T cell activation but returned to a disposition more like that of resting T cells within 48 hr of exposure to antigen. Not unexpectedly, the activated T cells expressed genes associated with cell division at higher levels than resting T cells. The resting T cells expressed a number of cytokine receptor genes and some genes thought to suppress cell division, suggesting that the state of resting T cells is not a passive failure to respond to extant external stimuli.
activated ͉ resting ͉ gene array A good deal of attention has been paid to gene expression in differentiated T cells of various types. Subtraction techniques, differential display, and gene array analysis all have been used to investigate differences in gene expression between different kinds of T cells (1) (2) (3) (4) (5) (6) . Most of these experiments have been performed by using established T cell lines, or at least T cells that have been withdrawn from their host and cultured for some time. Relatively few experiments have addressed the question of overall gene expression in T cells in animals. Because of this there are significant holes in our knowledge of these cells. For example, little is known about gene expression in resting T cells. Gene expression in resting T cells is not, however, an uninteresting problem. Although for many years it was thought that resting T cells were in a quiescent stage, existing independently of their surroundings, recent experiments have shown that this is far from true. The survival of small, naïve resting T cells in animals depends on receipt of many life-preserving factors from their environment. For example, the life expectancy of these cells is known to be dependent on low-affinity engagement of their antigen receptors by the MHC protein and probably the peptide that drove their selection in the thymus (7) (8) (9) (10) . For their survival, small, resting T cells in animals probably also depend on engagement of cytokines such as IL-6 and IL-7 (11) (12) (13) (14) (15) .
The appearance of antigen or superantigen in animals leads to the rapid activation of specific T cells. These activated cells divide rapidly and then many of the progeny of the dividing cells die within a few days (16, 17) . This phenomenon does not occur if the T cells are activated in vitro. Therefore, an understanding of the ways in which activated T cells die in animals depends on activating the cells in vivo, not in vitro.
This paper describes our attempts to deal with these deficiencies in our knowledge. mRNA was purified from resting T cells, or T cells that recently had been activated. Analysis was performed by using Affymetrix gene arrays (Santa Clara, CA). The results showed that resting T cells expressed a surprisingly large diversity of different mRNAs. Within 8 hr of activation in vivo the range of genes expressed by the T cells changed dramatically, although the total number of genes expressed did not change. Two days after activation, the spectrum of genes expressed by the activated cells was much more like that of resting T cells. However, again, the total number of different genes expressed was still about the same, amounting to about one-third of all the genes on the array. Comparison of the genes expressed by resting T cells with T cells 48 hr after activation showed that the latter cells expressed, not surprisingly, many genes associated with cell division. Among the genes expressed at higher levels by resting cells were those coding for a number of cytokine receptors and for several genes thought to inhibit cell division. Hence, the state of resting T cells may depend on active processes that allow the cell to be nurtured by its environment and actively prevent it from entering cell division.
Materials and Methods
Mice and Cells. T cells were activated in C57BL͞10 mice (The Jackson Laboratory) by i.v. injection of 150 g of the V␤8.xspecific superantigen, staphylococcal enterotoxin B (SEB; Sigma). This procedure generates T cells bearing V␤8.x that are fully activated as judged by the fact that, 8 hr later, they all bear CD69 and, 18 hr after injection of SEB, all the V␤8.x ϩ T cells begin to divide (ref. 17; unpublished observations). One group of mice was sacrificed 8 hr after injection of SEB. Another group of mice was sacrificed 48 hr after injection of SEB, at the time when the SEB-stimulated T cells had reached their maximum numbers and just before they were to start to die (17) . Lymph nodes were harvested from these animals and from control, untreated mice, and T cells prepared by passage through nylon wool columns (18) . To purify the T cells more thoroughly, the cell preparations were stained and sorted by using a MoFlo Instrument (Cytomation, Fort Collins, CO). Normal resting T cells were isolated from nonimmunized mice after staining with phycoerythrin (PE)-labeled anti-C␤, CyChrome-labeled anti-CD4 and anti-CD8, and fluorescein (FL)-labeled anti-IA b and anti-CD69 (PharMingen). Sorting gates were set to collect small C␤ ϩ cells bearing CD4 or CD8 and to exclude cells bearing IA were sorted to isolate the activated, V␤8.x-bearing cells after staining with PE-anti V␤8.x, CyChrome anti-CD4 and anti-CD8, and FL-anti-IA b . Sorting gates were set to include V␤8. RNA was isolated from these cells by using rapid total RNA isolation kits (5 Prime 3 3 Prime). Between 8.2 and 20 g of total RNA was isolated per 10 7 cells from the various populations (Table 1) . Poly(A) ϩ mRNA was purified from each of the preparations by using Oligotex mRNA minikits (Qiagen). The quality of the poly(A) ϩ mRNA was evaluated on the Affymetrix Gene Arrays as described below.
Preparation of cRNA and Gene Chip Hybridization. cDNA was synthesized from the poly(A)ϩ mRNA by using SuperScript Choice kits (GIBCO͞BRL) and nucleotide primers that contained a sequence recognized by T7 RNA polymerase. cRNA was prepared in an in vitro transcription reaction by using T7 polymerase (MegaScript T7 kit; Ambion, Austin, TX). The quality of the cRNA prepared from the cells was evaluated by control hybridizations with probes built to match the 5Ј, middle, and 3Ј sequences of ␤ actin, glyceraldehyde phosphate dehydrogenase, and 18S RNA. For all three preparations of cRNA the signals obtained for different regions of the same gene were about the same, i.e., the cRNA contained intact coding sequences. Also, the signals obtained by hybridization to 18S RNA were comparatively low, demonstrating that the poly(A) ϩ mRNA from which the cRNAs were prepared were relatively pure (data not shown). The cRNAs were not significantly contaminated with the products of B cells, dendritic cells, or macrophages because their cRNAs gave little or no signal with probes for Ig, class II MHC, or macrophage-specific proteins, with the exception of class II IE␤ (http:͞͞www.kmlab.njc.org).
Results

Normalization of the Measurement of Gene Expression in Resting and
Activated T Cells. Both 8-and 48-hr activated T cells contained about twice as much total RNA, and probably about the same amount more poly(A) ϩ mRNA, than resting T cells (Table 1) . However, activated T cells are much larger than resting T cells; therefore, a doubling in the amount of a particular mRNA does not indicate a doubling in the concentration of that mRNA, or the protein it codes for, in the activated cell. For many proteins, concentration is probably more significant than total number of molecules per cell. Therefore, in the discussions below, we chose not to consider the fact that the bulk amount of RNA was increased between resting and activated cells. Rather, we evaluated the concentration of a given mRNA in a sample relative to the entire pool of poly(A) ϩ transcripts in that pool. To accomplish this, the gene chip signals were normalized to an overall signal, the average of signals for each cRNA preparation on each chip, before analysis.
Anaylsis of Overall Gene Expression in Resting and Activated T Cells.
RNA transcript levels for different genes were assessed by using Affymetrix software. The relative abundance of a particular mRNA was expressed as the ''average difference.'' This is calculated from the difference in fluorescence intensity given by a labeled RNA sample when hybridized to oligos built to match a particular gene sequence vs. when hybridized to oligos mismatched by one base. To get an overall impression of the differences in gene expression between the different types of T cell we plotted the values for average differences obtained for each gene in each type of T cell against their values in the other cells ( Fig. 1 ). Gene expression between resting and 8-hractivated T cells was quite different as indicated by the scatter in the points on Fig. 1 A. Differences in average differences of more than 2-fold for a particular gene between two samples of RNA from different cells are, in general, likely to reflect real differences in gene expression (Affymetrix). Many genes in resting and 8-hr-activated T cells differed by at least this much as indicated in Fig. 1 A by the points that lie outside the lines drawn to show 2-fold differences in level. The overall correlation coefficient for Fig. 1 A is low, at less than 0.79. Interestingly, the number of genes whose expression decreased upon activation was as large as the number of genes whose expression increased. Hence, transcriptional inhibition in activated T cells was unexpectedly frequent (30) .
Comparison of overall gene expression between resting T cells and T cells 48 hr after activation with SEB in mice showed fewer differences. Fewer genes differed in average differences by more than 2-fold, and the correlation coefficient was higher, at greater than 0.92. Again, some genes were expressed at higher levels in 48-hr-activated cells than in resting T cells and vice versa (Fig. 1B) .
Not surprisingly, given the data in Fig. 1 A and B, T cell gene expression also was quite different when data from cells 8 hr after activation and 48 hr after activation were compared (Fig.  1C) . The significance of differences in gene expression in two samples of mRNA was calculated by Affymetrix software by using a combination of actual values of the average differences for that gene in the two samples and the value of the subtraction of the average differences. The parameter thus derived is called the sort score.
To get an overview of the differences in gene expression between resting and activated T cells, we counted the numbers of genes in each comparison that had sort scores greater than 2 in such comparisons and an average difference value in the higher-expressing tissue greater than 100. This cutoff gave a conservative estimate of the numbers of genes that actually changed their expression levels between resting and activated T cells. The results are shown in Table 2 . Also shown in Table 2 is the number of RNAs in each sample that had average difference scores of greater than 100.
These data confirm the impression given by Fig. 1 . All three types of T cells expressed about the same number of RNAs with average difference scores of greater than 100. RNA expression between resting and 8-hr-activated cells was quite different, with about 280 of the 6,319 genes evaluated as being significantly differently expressed, some expressed more highly in activated cells, and some expressed at greater levels in resting cells. There was much less difference between 48-hr-activated and resting T cells with only 51 genes differing, at this level of sensitivity, in their level of expression. Thus, shortly after exposure to antigen in animals, target T cells dramatically change their mRNA composition. At later times this pattern returns to a composition that is much closer to, but not the same as, that of resting T cells.
Comparison of Individual Gene Expression in Resting and Activated T
Cells. Individual genes were evaluated to find out whether changes in gene expression were consistent with expectations. Signals for housekeeping genes such as HPRT and ␤-tubulin were unaffected by activation. The levels of CD3, CD4, and CD8 proteins in T cells are known to be unchanged by activation, and the expression of their genes likewise was unaffected. On the other hand, expression of the ␣-chains for both the IL-6 receptor and IL-7 receptors was reduced at the protein level by activation, and the levels of expression of the genes for these proteins, as detected by the Gene Arrays, also was reduced in activated samples. Finally, surface expression of the ␣-chain of the IL-2 receptor was transiently increased and that of CD62L was transiently decreased during activation, a result that mirrored the RNA expression data (http:͞͞www.kmlab.njc.org; and data not shown).
Occasionally there were discrepancies between the protein and gene expression data. For example, the Gene Array data indicated that expression of the gene for the IL-2 receptor ␤-chain increased after activation. Levels of this protein on the surface of T cells did not increase, however, until 48 hr after activation. This discrepancy may be because protein synthesis and expression on the cell surface will always, of course, be delayed by comparison with mRNA induction. Thus, for the IL-2 receptor ␤-chain, 8 hr of activation may have been early enough to observe mRNA induction but too early to observe increases in surface protein. Similarly, mRNA for CD62L fell precipitously by 8 hr after T cell activation. However, cell surface levels of the protein were only halved at this time, again demonstrating a significant temporal delay in levels of protein consequent to changes in mRNA level (http:͞͞www.kmlab.nationaljewish.org; and data not shown).
The results for genes that changed in expression level more than 2-fold and that had average differences of greater than 100 in the higher-expressing tissue, between resting and 48-hactivated T cells, are shown in Tables 3 and 4 . Expressed sequence tags (ESTs) were omitted from this list because, in our experience, data from ESTs do not necessarily represent values for the gene to which they are thought to be similar.
Many genes contributing to cell division were expressed at higher levels in activated vs. resting T cells, as expected. These included the genes for DNA polymerase and primase, for the cyclins, and for many of the enzymes involved in synthesis of DNA precursors. Eight-hour-activated T cells contained higher levels of mRNA for cyclins D and G1, presaging their entry into mitosis about 16 hr later. Forty-eight-hour-activated T cells contained elevated levels of mRNA for cyclins A1, B, and E. Also increased in activated cells were mRNAs for Myb and Myb-B, DNA-binding proteins involved in the stimulation of cell division (refs. 19 and 20; Table 3) .
Conversely, some genes that are expressed preferentially in nondividing cells and͞or whose products are thought to prevent cell division were expressed at higher levels in resting than activated T cells. Included in these were the genes for the retinoid acid receptor RAR, Dyrk, a protein involved in terminal differentiation and cessation of proliferation, and the proliferation inhibitory transcription factors D52 and TSC-22 (refs. 6 and 21-23; Table 4 ).
There were large changes in expression of other transcription factors. For example, as reported previously, resting T cells expressed the gene for the Kruppel-like transcription factor, LKLF, at higher levels than activated T cells (ref. 24 ; Table 4 ). Less expected was the fact that this also applied to other Krueppel-related transcription factors, EZF and BKLF. Also Poly(A) RNA was prepared and converted into fluorescent-labeled cRNA as described in Materials and Methods. The levels of cRNAs derived from different genes were measured by using Affymetrix Gene Arrays and expressed as average differences. The plots compare genes that had average differences greater than 50 in the T cell type against which the comparisons were made. Genes with average differences Յ0 in the index T cell type were omitted from the analyses. These were 57 genes in A, 53 genes in B, and 78 genes in C. The lines drawn on the graphs represent differences in average difference of 2-fold between the two samples considered. *Genes noted had average differences in the higher-expressing T cells Ͼ2 and sort scores Ն2 and are compared with their level in resting T cells.
noteworthy was the increased expression of RelB (19, 25) and IkB-␤ and several Hox genes in activated cells. Many papers have shown that members of the Fos͞Jun family are very important inducers of gene expression in activated T cells (26) . Others have shown that expression of these genes is changed during T cell development, increased upon T cell activation, and decreased in anergic cells (27) (28) (29) . The analysis in this paper and in a previous report (30) showed a dramatic lowering in levels of mRNA for proteins of the Fos͞Jun family and for one of the kinases upstream of activation of these proteins, SEK1. These results suggest that the function of this branch of the MAP kinase signaling pathway may be significantly curtailed in activated T cells.
mRNAs coding for some of the secreted products of T cells, such as the granzymes, increased as the cells were activated. Surprisingly, however, it appeared that resting T cells also make transcripts for some secreted proteins. Overall, the decrease in expression of one of the integrins and a ligand for E-selectin and the increase in expression of enzymes such as trypsin and elastase, which could be involved in tissue penetration, gave the impression that, as is known to occur, the activated T cells were preparing themselves for greater mobility than their resting precursors.
Finally, there were several examples in which expression of a gene in resting T cells appeared to be replaced by expression of a related gene in activated T cells. For example, activated T cells contained more mRNA for Alpha 2 type I collagen and for the transcription factor BFCOL1, which activates this gene (31) , and less mRNA for Alpha 1 types I and XII collagen than resting T cells. Likewise, expression of genes related to the basement membrane-binding proteins osteocalcin and matrix Gla protein seesawed in the two types of T cells, as did genes for some of the Hox proteins.
Discussion
Recently, immunologists' view of the resting T cell has undergone a revolution. Our data and other recent reports have demonstrated that the resting T cell is constantly receiving signals from its environment in the animal. These signals help to keep the cell alive and to guide the cell to various locations (7) (8) (9) (10) (11) (12) (13) (14) 32) . Given this new appreciation of the activity of resting T cells it perhaps is not surprising to find that mRNAs for many different proteins are expressed at detectable levels in these cells, a result that has been suggested before (30) .
Among the factors that are detected by resting T cells, and that help to keep them alive, are IL-4 and IL-7 (12) (13) (14) . IL-4 also can stimulate the proliferation of activated T cells. However, it is not a good proliferative factor for resting cells. Perhaps the failure of resting T cells to divide in response to IL-4 is because resting cells express proteins such as Dyrk, D52, TSC-22, and LKLF, which may be inhibitors of cell division (21) (22) (23) (24) . If so, cell division by resting T cells may be, in a sense, actively inhibited by factors within the cell.
Activation caused an approximate doubling in the amount of total RNA per cell, and it is interesting to notice that expression of many of the RNAs in T cells increased concordantly when the cells were activated. This was very striking 48 hr after activation, a time when analysis showed that, in spite of the increase in RNA per cell, once the amounts of RNA per cell had been normalized, the levels of expression of many different genes in resting and activated T cells were the same. Such a result suggests that a global mechanism of transcription regulation was induced by T cell activation, increasing expression of many genes similarly. Such a global mechanism could involve components of the transcription apparatus, p53, or other proteins that concordantly regulate many populations of genes and͞or mRNA stability (33, 34) .
It is not surprising that many genes change in their level of expression after T cells had been activated for only 8 hr in animals. Perhaps this rapid response is, in part, due to the nature of the antigen we used. Superantigen does not need to be processed by antigen-presenting cells before it can interact with T cell receptors, and, therefore, T cell responses to such material probably will be a few hours faster than that of T cells to conventional protein antigens. We were surprised to find that, although many genes increase in expression immediately after T cell activation, approximately the same number decrease. Thus, the variety of mRNAs in resting and activated T cells, as previously suggested (30) , is about the same in magnitude. Again, such a result may reflect the recently appreciated high receptivity of resting T cells.
We did not expect to find that the mRNA content of T cells 48 hr after exposure to superantigen in animals would be more similar to that of resting T cells than to that of recently (8-hr) activated cells. Forty-eight hours after injection of superantigen, target T cells are still dividing vigorously, although they will stop dividing very shortly thereafter (data not shown). At 48 hr, the activated T cells are also about to die by apoptosis (16, 17) , an event that we thought might involve induction of quite a few new genes. We have shown that exposure to reactive oxygen species is the major cause of the death of these cells (35) . Nevertheless, we did not find increases in expression of any of the genes on the microarrays that code for proteins that might cause increases in reactive oxygen species concentrations.
There is the question of whether the kinetics and nature of the changes in gene expression that we report here, during T cell responses to superantigen, reflect the kinds of change that take place during T cell responses to conventional peptide antigens and͞or infectious organisms. The kinetics of T cell responses to peptides and proteins administered in the absence of adjuvants are very similar to those of T cells responding to superantigens. Therefore, we believe that such responses will prove to be very similar to those described in this paper. Under nonlaboratory conditions, however, T cells usually encounter superantigens and conventional antigens in the presence of infections. Infectious organisms and laboratory adjuvants induce components of innate immunity. Such components directly or indirectly affect T cell responses such that the responses are larger in magnitude and the responding T cells are more long-lived (17, 36) . Infectious agents therefore change gene expression in activated T cells, and the pattern of gene expression in activated T cells described in this paper thus probably is not identical to that which will be found in T cells activated in the presence of bacterial or viral products.
